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Landscape-scale reconstructions of ancient environments within
the cradle of humanity may reveal insights into the relationship
between early hominins and the changing resources around them.
Many studies of Olduvai Gorge during Pliocene–Pleistocene times
have revealed the presence of precession-driven wet–dry cycles
atop a general aridification trend, though may underestimate
the impact of local-scale conditions on early hominins, who likely
experienced a varied and more dynamic landscape. Fossil lipid bio-
markers from ancient plants and microbes encode information
about their surroundings via their molecular structures and com-
position, and thus can shed light on past environments. Here, we
employ fossil lipid biomarkers to study the paleolandscape at Old-
uvai Gorge at the emergence of the Acheulean technology, 1.7 Ma,
through the Lower Augitic Sandstones layer. In the context of the
expansion of savanna grasslands, our results represent a resource-
richmosaic ecosystem populated by groundwater-fed rivers, aquatic
plants, angiosperm shrublands, and edible plants. Evidence of a geo-
thermally active landscape is reported via an unusual biomarker
distribution consistent with the presence of hydrothermal features
seen today at Yellowstone National Park. The study of hydrotherm-
alism in ancient settings and its impact on hominin evolution has
not been addressed before, although the association of thermal
springs in the proximity of archaeological sites documented here
can also be found at other localities. The hydrothermal features
and resources present at Olduvai Gorge may have allowed early
hominins to thermally process edible plants and meat, supporting
the possibility of a prefire stage of human evolution.
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Olduvai Gorge, located in the Great Rift Valley in Tanzania,
has yielded some of the most significant hominin fossils

known. The region, notably known because of the work of Mary
and Louis Leakey (1), supports active archeological study and ar-
chives the emergence of multiple hominin species with diverse
stone-tool technologies. However, less is understood about the
environments with which early humans may have interacted,
though differences in contemporaneous stone tool technologies in
the Olduvai region suggest tool specialization. Paleoenvironmental
reconstructions of Olduvai Gorge during critical moments in
hominin evolution may yield further insight into the history of the
human species and may contextualize potential selective pressures
in their evolution.
Previous paleoenvironmental reconstructions of Olduvai Gorge

focus mainly on Bed I, the oldest deposition layer spanning ∼2.1
to 1.78 Ma, and broadly suggest that climate and vegetation at

Olduvai were strongly correlated with precession-driven wet–dry
cycles (2–5) imposed upon a general aridification trend (6). The
100,000-y precessional cycles caused the basin vegetation to vary
between closed forested ecosystems during wetter periods (2–4, 7)
and C4 grass-dominated environments during arid periods. Pre-
vious studies also detail the existence of paleolake Olduvai, an
alkaline playa (8), phytoliths and plant macrofossils dominated by
palms, typha, and sedges (9), diatoms that indicate the presence of
paleowetlands (10), and evidence of a tectonically active landscape
(11). Oldowan stone-tool technologies used by early hominins,
which included scrapers, choppers, and pounders, simple core-
flaked tools, have also been recovered from various sites across
Bed I (1).
However, less attention has been directed toward Bed II, a

younger deposition layer spanning 1.78 to 1.35 Ma, although its
geological and stratigraphic history has recently been studied (12).
During the deposition of Bed II, the Olduvai region experienced
extensive tectonic activity associated with rifting. Tectonic reac-
tivation in the region created a wide graben between the FLK
Fault and the Fifth Fault (Fig. 1 A and B), inducing a several-
meter drop in the local base level and the formation of a wide and
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extensive erosive surface throughout the basin, known as the
Lower Disconformity (LD), which was infilled within the first half
of Bed II by the Lower Augitic Sandstones (LAS) (11). The LAS
have been used as a 1.7-My-old chronostratigraphic unit and as an
isochronous member that hosts the first appearance of the
Acheulean industry at Olduvai Gorge (12, 13). Although the LAS
have been considered a unique, complex chronostratigraphic unit
in previous works, recent detailed analysis has clarified the pres-
ence of two subunits or members: lower and upper. The lower unit
is alluvial, very continuous, and covers almost the entire study
area. The upper unit is a laterally discontinuous river deposit,
which erodes the lower unit in various places, especially in the
northwestern half of the study area. Wherever the fluvial erosion
is intense, the alluvial lower unit may disappear, and the LAS
fluvial upper unit rests directly on the LD.
Bed II contains one of the oldest evidences of the Acheulean

technology in the world. The introduction of the technology, which
consists of symmetric bifacial stone hand axes, suggests that com-
plex cognition was present 1.7 Ma at Olduvai Gorge. Debates about
the emergence, coexistence, and evolution of Acheulean technology
have been revitalized by the discovery of FLK West (FLK-W) in
Bed II of Olduvai Gorge, located within the LAS layer. This site is
contemporaneous with the HWK sites, whose abundant lithic as-
semblages have been classified as Oldowan (14). The synchronous
presence of FLK-W and HWK support the notion that Acheulian
and Oldowan technologies coexisted, reinforcing the cladogenetic
interpretation of the emergence of the Acheulian and its typological
copresence with other industries. The simultaneous presence of
Acheulean and Oldowan tools also suggests that both technologies
were employed within the same landscape, and that they could have
had different uses by early hominins.
Here, we present paleolandscape reconstructions for the Bed II

LAS layer, dated to be 1.7 My-old, which correspond with the
appearance of the oldest Acheulean (13, 15, 16) using high-
resolution lipid biomarkers and isotopic signatures. Our analysis
reveals the presence of a rich mosaic environment different from
that of Bed I, with groundwater-fed rivers, aquatic plants, and
hydrothermal features, which may have supported remarkable
biodiversity in an increasingly arid environment. The hydrother-
mal activity described may have influenced the use of the space at
Olduvai Gorge and may have provided advantages or applied
selective pressures not previously contemplated in the context of
hominin evolution.

Results and Discussion
Beginning ∼3 Ma, pronounced changes in East Africa due to pro-
gressive uplift and rifting allowed the gradual replacement of C3
vegetation with C4-dominated grasslands as shown by plant bio-
marker and isotopic data, marking the beginning of a long-term
aridification trend (5, 6, 17). Previous paleoenvironmental recon-
structions point to lake expansion–retraction cycles, associated with
wetter precession-driven lake refreshing spikes between 1.9 and 1.8
Ma (5, 18), followed by a subsequent major shift toward a drier
environment (6, 17). Approximately 1.7 Ma, despite the overarching
drying trend, tectonic activity enabled a general reactivation of the
drainage network and a progradation of the river systems at
Olduvai Gorge.
Plant biomarkers, especially epicuticular leaf waxes, have been

widely used to reconstruct paleoclimate and paleovegetation
changes in ancient environments, although the chemotaxonomic
significance of n-alkanes has shown to be intricate (19, 20). All
LAS samples analyzed yielded significant amounts of n-alkanes.
Most of the samples present a distribution dominated by the
long-chain, odd-numbered C29, C31, and C33 n-alkanes typical of
terrigenous inputs (21), while the midchain-length C23 and C25
n-alkanes, which have been attributed to the presence of aquatic
macrophytes, are also present in significant abundance (22, 23).
The n-alkane profiles observed here are consistent with a mosaic

ecosystem with contributions from savanna angiosperms, C4 gra-
minoids, and aquatic macrophytes (SI Appendix, Figs. S1 and S2)
(19, 20). Notably, LAS 15 shows a high contribution of C23, which
has been attributed to Sphagnum (24, 25) (SI Appendix, Fig. S1).
However, the enriched δ13C25 values, high ratios of algal lipids
relative to algal and terrestrial plant lipids (Palg) (SI Appendix, Fig.
S3B and Table S1), and lack of alkan-2-ones, a biomarker for
Sphagnum, in sample 15 suggest a macrophyte origin instead of
Sphagnales (20, 24, 25).
While aquatic macrophytes currently thrive in most high-

altitude African lakes, their historical presence at the Olduvai
Gorge paleolake was initially confirmed in Bed I (23). The bio-
molecular proxy Paq (ratios of macrophytic lipids relative to
macrophytic and terrestrial lipids) expresses the proportion of
submerged and floating macrophytes versus emergent macro-
phytes and terrestrial plants (22). Most LAS samples have Paq
values between 0.2 and 0.4 (Fig. 2B), which correspond to the
values suggested for emergent macrophytes, such as plants from
the genus Typha, fossil imprints for which have been found at
Olduvai Gorge within Lower Bed II (26). Paq values below 0.1 are
indicative of greater proportions of terrestrial input, confirming
that the LAS environments sampled are dominated by emergent
aquatic plants, similar to the wetlands present today in Africa (22).
Intermediate values between 0.1 and 0.4 reflect a mixed input,
pointing to a setting similar to that described for Lake Rutundu in
Kenya (22) or Rwenzori National Park in Uganda. Here, abundant
floating aquatic plants such as Potamogeton in shallow waters with
a fringe of emergent macrophytes are surrounded by ericaceous
shrubland.
Only LAS 5 had a Paq value above 0.4 (Paq = 0.56), which is

consistent with a floating/submerged macrophyte signal. LAS 6
from the HWK-NE archaeological site produced the lowest Paq
value of 0.16, which is very close to the terrestrial plant threshold
(>0.1), suggesting an increased terrestrial input in this area.
Similarly, the terrigenous-to-aquatic fatty acid ratio (SI Appendix,
Fig. S3E and Table S1), which reflects the proportion of terrestrial
to aquatic sources (33), shows more elevated values for both LAS
6 and LAS 15, which suggests increased terrestrial plant inputs in
both HWK-NE and FLK-W. Accordingly, total organic carbon
(TOC) values were low in most LAS samples, with nitrogen levels
below detection limits (SI Appendix, Fig. S3D).
δ13C values for the n-alkanes might provide more accurate

information concerning the dominant vegetation than δ13CTOC,
which can carry signals from older, recalcitrant carbon phases.
LAS samples have δ13C31 values that fall within the wooded
grassland ecosystem of African plant communities defined by
the United Nations Educational, Scientific and Cultural Orga-
nization (Fig. 2A). While some samples have C-isotope values
approaching those typical of C4 grasses, most δ13C31 values from
LAS samples are within the suggested range for C3 graminoids
(2, 3, 20, 21), but they may also point to the presence of aquatic
macrophytes, which mostly use the C3 photosynthetic pathway
(22, 34). Emergent plants from the genera Potamogeton, Typha,
Cyperus, and Hydrilla are often predominant in East African
wetlands and may display a similar range of δ13C25 values (SI
Appendix, Fig. S3B) (22, 24, 35). However, it is particularly dif-
ficult to identify specific taxa given the wide range of δ13C values
for aquatic plants, which often depend on the differences in
isotopic compositions of the source of carbon, water flow, tur-
bulence, and individual physiological properties, such as the
relative distribution of the plant above and below the water since
this affects the plant’s access to HCO3

− or CO2 (20, 36). Overall,
our biomarker proxies point to a freshwater-fed wetland domi-
nated by C3-graminoids/aquatic macrophytes and woody angio-
sperms, with a high proportion of aquatic organic matter. This
would be in accordance with previous geological and sedimen-
tological descriptions that suggested a marshland dominated by a
braided/river environment (11–13).
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The proportion of C28 and C29 stanols compared to their sterol
homologs has been suggested to be controlled by water levels in
peats and thus has potential as a redox biomarker, especially
when combined with other proxies such as the humification index

or the concentration of archaeol (diphylanylglycerol) (24). Our
C29 stanol-to-sterol ratio profile shows values ranging from 0 to
1, average values closer to 1 suggest more reducing depositional
conditions (Fig. 2C) (25). Increases seem to be encompassed

Fig. 1. Study area and sample location. (A) Geographical location of Olduvai Gorge and the study area. (B) Detailed map of the study area, based on the
orthoimage obtained with unmanned aerial vehicle. Blue and red dots indicate the position of the samples described in this study. The red color indicates the
presence of biomarkers indicative of high-temperature hydrothermal activity. (C) General stratigraphy of Olduvai and synthetic sections of LAS in the
study area.
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with the appearance of archaeol, a marker for anaerobic
methanogens, in accord with the anoxic conditions suggested by
the ratio. Water levels could be the primary control on archaeol
concentrations except for sample 7, which shows an abnormal
increase independent of the stanol/sterol ratio.
The analysis of the polar lipid fraction in our samples sheds

further light on paleoenvironmental conditions. Samples col-
lected from the LAS layer show a very unusual distribution of
functionalized lipids, including monoalkyl glycerol monoethers
(MAGEs), which have been often interpreted as biomarkers for
sulfate-reducing bacteria (SRB) and/or thermophilic organisms
(27, 28, 37), among other possible biological sources (38, 39).
These glycerol ether lipids are sometimes present in high con-
centrations at marine hydrothermal vents and cold seeps and in
terrestrial geothermal sediments (27–30). These compounds are
structurally stable and might represent the diagenetic products of
mixed glycerol ester/ether mixed lipids present in the aforemen-
tioned microbial communities. MAGEs are the predominant
compound class in our alcohol fraction, constituting more than 80%
in some of the samples (Figs. 2D and 3 A and B and SI Appendix,
Tables S3 and S4). Although the source of these molecules is still
unclear, such concentrations of MAGEs have mostly been observed
in hydrothermal settings (27, 29). A suite of MAGEs ranging from
C15 to C20 with straight, branched, and unsaturated hydrocarbon
chains is dominated by the n-C16 MAGE followed by me-C17:0 (SI
Appendix, Fig. S4), which has been linked in the past to the activity
of SRB, more specifically from the genus Desulphobacter or
Actinomycetes (39).
MAGEs identified in soils from non-SRB origin are often

dominated by i-C15 and n-C15 (39, 40), which are present in very
low concentrations in our samples. Although our samples were
mostly dominated by n-C16:0 and me-C17:0, LAS 1, 3–4, 8–9, 11,

and 13–14 samples contained significant amounts of MAGEs
with a carbon chain length >17. Longer chain lengths, especially
C18:0 and C20:0, have been associated with thermophilic bacteria
within the Aquificales (28). In particular, Jahnke et al. (28)
found that among the Aquificales bacteria, Thermocrinis ruber
had a very distinctive lipid signature dominated by C18 MAGEs
along with large amounts of C20:1, C22:1, and a C21 cyclopropane
fatty acid (cy-C21) and where glycerol dialkyl ethers were sub-
ordinate. Strikingly, none of our samples yielded detectable
glycerol dialkyl ethers, which are otherwise common in lake
sediments, soils, and marine sediments. LAS 1–3, 5, 8, and 11–14
all contained the C20:1, C22:1 fatty acids, which together with cy-
C21 are the dominant fatty acids in T. ruber (28). Further, cy-C21
was also identified in samples 5 and 11 (Fig. 4 and SI Appendix,
Table S2). T. ruber is a gram-negative hyperthermophilic bacte-
rium that forms a separate lineage within the Aquificales (28)
and was identified for the first time in streamer biofilm com-
munities in Yellowstone hot spring outflow channels (41). T.
ruber grows optimally between 85 °C and 95 °C in waters with low
salinity and near-neutral pH. T. ruber is typically autotrophic and
has the ability to oxidize hydrogen, sulfur, and thiosulfate in the
presence of oxygen, much like the previously identified ther-
mophilic bacteria Aquifex and Hydrogenobacter (42). Lipid dis-
tributions similar to the ones identified within the LAS samples
have been reported in few settings other than the Lower Geyser
Basin of Yellowstone National Park, typified by the streamer
biofilm communities of features such as Octopus Spring and
Bison Pool (Fig. 4) (28, 29, 31), and Orakei Korako Spring (27)
in New Zealand. The water chemistry of Aquificales habitats
suggest that, apart from temperature, these waters could have
been potable, which would have been essential for early humans
(10) and animals, considering the salinity of Olduvai Lake (5).

A

B

C

D

Fig. 2. Geochemical proxies. Plot of various organic geochemical proxies for organic matter preserved in outcrops from eastern fluvial lacustrine deposits
(eastern lake margin) dated up to 1.7 Ma at Olduvai Gorge (with descriptive colors). (A) Plant lipid δ13C values for n-C31 alkane (higher values indicate more C4
vegetation) (color gradient denotes drier [yellow] to wetter [green] conditions). (B) Ratios of macrophytic lipids (n-C23 + n-C25) relative to macrophytic and
terrestrial lipids (n-C23 + n-C25 + n-C29 + n-C31) (<0.4 = no macrophytes; 0.4 to 1 = emergent macrophytes; >1 = floating macrophytes); color gradient denotes
macrophyte input (22). (C) Ratios of C29 stanol/Δ5sterol [stigmastanol/(stigmasterol + sitosterol)] (higher values indicative of more reducing conditions); color
gradient denotes more oxidazing ([green] to more reducing [blue]) (24). (D) Abundance of MAGEs and sterols (micrograms per gram of rock) indicating the
predominance of MAGEs in some of the LAS samples (color gradient denotes abundance of MAGEs [pink], potentially indicating the a greater contribution
from thermophilic microbial communities) (27–32).

Sistiaga et al. PNAS | October 6, 2020 | vol. 117 | no. 40 | 24723

EA
RT

H
,A

TM
O
SP

H
ER

IC
,

A
N
D
PL

A
N
ET

A
RY

SC
IE
N
CE

S
A
N
TH

RO
PO

LO
G
Y

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004532117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004532117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004532117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004532117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004532117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004532117/-/DCSupplemental


Additional support for the presence of hyperthermophilic
microbes comes from the n-alkanols and fatty acids, which are
dominated by the C18 chain length in most of the samples, which,
again, has been also identified as a major component in other
thermophilic communities (27–29). n-Alkanols and fatty acids
with longer chains (C24 to C30) likely originate from both microbes
and detrital plant organic matter (Fig. 3C and SI Appendix, Fig. S2
and Tables S2 and S4).
Polyisoprenoid lipids identified in our study include cholesterol,

typically derived from animals, the phytosterols sitosterol, stig-
masterol, campesterol, and stigmastanol, as well as amyrin, a plant
triterpenoid (Fig. 3D and SI Appendix, Table S4). Interestingly,
some samples contained 5β-stigmastanol, a biomarker commonly
found in herbivore feces (43). LAS 7 and 9 also showed an iso-
prenoid profile dominated by archaeol, a methanogen biomarker
(44). LAS 5, 7, 10, and 11–14 also yielded a polycyclic triterpenoid,

tetrahymanol, which is typically produced by ciliates and also by a
few bacteria (45) (SI Appendix, Fig. S5) and has also been identi-
fied in hydrothermal settings (32). Only a subset of methanotrophs
and SRB appear to be able to synthesize tetrahymanol (45),
depending on the redox potential of the ecosystem. Tetrahymanol-
producing aerobic methanotrophs are often identified in the
suboxic zone of marine or freshwater bodies, while SRB occurs in
anoxic sediments.
The presence of hydrothermal waters is also supported by the

bell-shaped pattern of short chain n-alkanes (C17 to C23), which
can be explained by in situ maturation of organic matter near the
hot springs or extrusion of mature sediments with hot fluids,
which might have led to the formation of hydrothermal petro-
leum (46). Mixtures of organic matter from multiple sources
may also explain the differences between the δ13CTOC and the
δ13C31 values.

A

B

C

D

Fig. 3. Polar lipid distributions. Histograms depicting the lipids identified in the GC-MS analysis of the polar fraction. Percentage distributions of (A) dis-
tribution of MAGEs, isoprenoids, and n-alkanols within each sample, (B) monoalkyl glycerol monoethers, (C) n-alkanols, and (D) isoprenoids.
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Most of the LAS samples show coexistence of an early ther-
mally mature component with a fresh and immature fraction
(Fig. 5B). A similar phenomenon has been observed at the Pleis-
tocene cherts from Lake Magadi, Kenya, where the biomarker
profile showing a co-occurrence of fresh and mature organic matter,
MAGEs, tetrahymanol, and alkanols has been interpreted as the
result of the presence of a hydrothermal setting (47).
Other microbial lipids were also identified in the LAS samples.

LAS 10–12 yielded significant amounts of fern-7-ene and fern-8-
ene, which have been attributed to ferns but which are more
likely microbial in origin (21). Similarly, hop-17(21)-ene and
hop-22(29)-ene are bacterial lipids (21) that were identified in
some of the samples.

LAS Landscape and Hominin Evolution
Although the geothermal nature of Olduvai basin has not previ-
ously been studied in detail, the presence of hydrothermal systems
within the Tanzanian portion of the East African Rift is consistent
with conditions exhibited today. Nearby areas such as Lake Natron,
Lake Manyara, Lake Eyasi, and Ngorongoro Caldera currently
exhibit hydrothermal activity (33, 44). The deposition of the LAS
sediments corresponds to an event with major fault activation, that,
for the first time, enabled the reactivation and progradation of
drainage networks to the Olduvai Basin, changing the nature of the
sedimentation from lacustrine to alluvial and fluvial (15). Rift
system faults are linked with deep-seated springs, characterized by
the temperature and salinity of the water. Contemporary volcanism
is characterized by the deposition of rich phenelinites–foidite tuffs
and volcanic ashes whose residues can be identified in the LAS
sediments. The presence of hydrothermal waters does not appear
exclusive to the LAS deposition event, and although no thermal
biomolecular markers have been yet found in Bed I, diatom species
specifically adapted to warm and hot waters (41), as well as illite/
smectite layers potentially suggesting hydrothermalism (48), have

been previously identified in the sequence. The ubiquitous presence
of silicified plants (26) is also suggestive of hydrothermal activity.
Our biomarker evidence for distinctive microbial communities

(SI Appendix, Fig. S2) points to a paleolandscape influenced by
tectonics, volcanism, and hydrothermal activity which will have
had implications for early humans at Olduvai Gorge. Bailey et al.
(49) earlier suggested that tectonics and volcanism may have
created advantages for hominin survival by creating dynamic
landscapes that offered protection and resources. The particular
tectonic landscape at Olduvai Gorge, fringed by major faults,
offered a continuous supply of potable water from rivers and hot
springs that would have attracted populations of large herbivores
as attested by the fauna recovered in the archaeological sites and
paleontological localities contained within LAS (16). The iden-
tification of 5β-stigmastanol in some of our samples, especially
upstream and FLK-W, suggests input from terrestrial and
aquatic herbivore feces in these samples. Animals could have
consumed the waters at Olduvai Gorge much as they do today in
Yellowstone National Park, which provided hominins a chance
to hunt large prey in a location where the presence of game
would be predictable.
At FLK-W sites and its surroundings, proxies such as the

stanol to sterol ratio and archaeol, together with the high Paq and
Palg (SI Appendix, Table S1), suggest an intermittently water-
logged environment consistent with the wide watercourse pre-
viously described (12, 13). This fluvial environment must have
been seasonal because the area contains the highest density of
stone tool artifacts documented on any Olduvai paleolandscape
to date. It also contains a notable density of faunal remains,
some of which are in the form of partial carcasses, which suggest
the area must have been either a predation arena or a locus of
natural death. The intense use of the area by local fauna is ad-
ditionally supported by the presence of fecal biomarkers. Phy-
tolith evidence from FLK-W points to the presence of grasses and
palms (50), consistent with predominance of the C31 n-alkane

Fig. 4. Comparison of fatty acid distributions in LAS 11, an Octopus Spring streamer biofilm community, and a T. ruber culture. (Top) Partial mass chro-
matogram of fatty acids methyl esters (FAMEs) showing the presence of C20:1, C22:1 and cy-C21 extracted from the FAMEs of LAS 11. (Middle) Methylated total
lipid extract from an Octopus Spring, Yellowstone National Park, streamer biofilm community (28, 29). (Bottom) Methylated total lipid extract from a cultured
sample of T. ruber.
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within the lipids from FLK-W. Here, hominins concentrated large
amounts of implements, notably Acheulian artifacts, in spatial
association with faunal (including megafaunal) remains. Tapho-
nomic evidence of exploitation of some of these resources by
hominins has been reported (16).
The presence, in some samples, of biomarker assemblages

typically associated with hyperthermophilic microbes suggests that
parts of these streams or pools may have seen surface tempera-
tures as high as 80 to 90 °C, although subsurface temperatures
might have been higher. To cook, the only requirement is heat,
and at such temperatures starches gelatinize, improving the ac-
cessibility of otherwise indigestible nutrients in roots and tubers
that became more available with the progressive loss of canopy in
Bed II. Cooking animal tissues in high-temperature waters would
also have enhanced digestibility, palatability, and energy gain, re-
ducing the exposure to foodborne pathogens (51) with the benefit
of adding nutrients derived from the hot spring water (52). Car-
mody andWrangham (53) pointed to the evolutionary significance
of cooking in human evolution, and suggested that cooking might
have begun with Homo erectus (53).
While nonopportunistic fire use is debated during early human

evolution (53), hot springs may have offered H. erectus the op-
portunity to sustain the increased energetic costs of encephali-
zation by providing an efficient way to thermally process the
edible resources the wetland offered. The association of thermal
springs in the proximity of archaeological sites documented here
can also be found at other localities such as Koobi Fora (54) and
Peninj (55), suggesting that the connection between hominin
activities and thermal systems may not be fortuitous. Hominins
may have sought these cooking opportunities, given the prefer-
ence that chimpanzees exhibit for cooked food and their will-
ingness to transport raw food in anticipation for future chances
of cooking (56). Hydrothermal waters have traditionally been
used for cooking in areas of Japan, New Zealand, the Azores,
Thailand, India, and Iceland (57, 58).

Conclusions
Elucidating the possible complex interactions between early
humans and their environment at Olduvai Gorge provides con-
text for understanding early hominin evolution. Current inter-
pretations of the Olduvai landscape 1.7 Ma rely largely on a
broad-strokes approach to environmental reconstruction, while
hominins may have experienced different and more dynamic local
conditions. In the course of the present work, we encountered
evidence via the composition of lipid biomarkers and their carbon
isotopic ratios that the 1.7 My-old LAS sediments recorded a
mosaic ecosystem, dominated by the presence of groundwater-fed
rivers/channels and aquatic plants. Further, we observed few dif-
ferences between the alluvial and fluvial landscapes, notably re-
garding water levels, suggesting that the hydrology of this area of
the Gorge shifted toward a more seasonal environment but the
vegetation and resources remained alike.
In the context of progressive aridification and expansion of

savanna grasslands, the 1.7 My-old Olduvai Gorge paleoland-
scape evinced by our data was a groundwater-fed wetland with
rivers partly sourced by hydrothermal waters and populated with
patchy vegetation, comprising C3 aquatic plants, C4 grasses, and
angiosperm shrublands potentially including edible plants such
Typha, sedges, ferns, and palms. This type of patchy vegetation is
seen in African wetlands today (35) and is highly dependent on
water availability, temperature, and pH.
We also identified lipid biomarkers typical of contemporary

hydrothermal features that are colonized by biofilm-forming mi-
crobes such as Aquificales and other thermophiles, with variations
in community composition within the landscape. Geochemical
evidence reveals a landscape with groundwater-fed habitats, in
which hot springs and rivers partly sourced by thermal waters
prompted intensive use by hominins.
The influence of hydrothermalism on early human evolution

has not been addressed before. The accumulation of animal car-
casses in the HWK and FLK-W sites suggest long-term, thorough

Fig. 5. Three-dimensional geomorphological reconstruction of the LAS unit between Long Korongo and FLK Fault during the dry season. (A) Three-
dimensional reconstruction of the LAS landscape with the location of the hot spots according to the biomarker evidence. (B) Total ion chromatogram of
one of LAS n-alkane fraction showing the coexistence of mature and immature organic matter within the sample.
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hominin use of the space near hydrothermal features (SI Appen-
dix, Table S1), which likely attracted large herbivores as suggested
by fecal biomarkers. Hot springs may have provided a convenient
way to cook food that would have required minimal effort, which, at
the same time, would have decreased digestibility-reducing com-
ponents of starches. Cooking may, thus, have had a simple prefire
stage during human evolution.

Materials and Methods
Sampling. Sample collection was carried out following the landscape pa-
leogeography (downstream, southeast to northwest). In this way, collection
of samples from the oldest to the most recent unit was facilitated. It is more
common to find the alluvial unit overlying the LD in the East, whereas the
river unit, somewhat more modern, is more abundant toward the west
(Fig. 1). Accurate identification of the lower alluvial or the upper fluvial unit in
the field is essential when taking samples for biomarker analysis, so as not to
mix the two paleolandscapes. Since the sole identification of the LAS base is
not an absolute isochronal criterion, the identification of the overlying subunit
must be taken into account for a more detailed and precise isochronal surface.

Every effort was made to obtain the 15 samples at regular intervals, al-
though the heterogeneous distribution of outcrops and the greater geo-
logical complexity in some areas has conditioned the distribution somewhat.
All samples were taken in the LAS, in a position as close as possible to the base
of the alluvial or river unit. Following these premises and criteria, samples 1 to
7 belong to the alluvial unit whereas samples 8 to 15 belong to the river unit
(Fig. 1). Samples were collected from the basal 5 cm of the LAS using ster-
ilized tools, wrapped in combusted aluminum foil, and stored in cloth bags.

Biomarker Extraction and Isolation. Sediment samples were freeze-dried and
powdered prior to extraction. After addition of a recovery standard (1-
pentadecanol), extraction was performed using and Accelerated Solvent
Extractor (Dionex ASE 300 system) with dichloromethane (DCM) and meth-
anol (MeOH) (9:1 vol/vol) using a method with three cycles of 15 min at
100 °C and 1,500 psi. The total lipid extract (TLE) was concentrated using a
Turbovap with a gentle stream of N2.

An aliquot of the TLE was derivatized via acid methanolysis (0.5 M HCl in
methanol) diluted in H2O and extracted with hexane:DCM (4:1 vol/vol). The
derivatized extract was concentrated followed by separation into three
fractions using a deactivated silica gel (2% H2O total weight)-packed col-
umn by elution with hexane (F1), hexane:DCM (1:1) (F2), and DCM:MeOH
(4:1). The polar fraction (F3) was then silylated using N,O-bis(trimethylsilyl)
trifluoroacetamide.

Biomarker Analysis. Biomarkers were characterized by gas chromatography–
mass spectrometry (GC-MS) with an Agilent 7890A series gas chromatograph
interfaced with an Agilent 5977C mass selective detector. A 1-μL aliquot of
apolar and derivatized extracts was injected in splitless mode onto a 60-m DB-

5MS fused-silica column (60-m × 0.25-mm internal diameter and film thickness
of 0.25 μm). The GC oven temperature was programmed as follows: 60 °C
injection and hold for 2 min, ramp at 6 °C min to 300 °C, followed by iso-
thermal hold of 20 min. The transfer line, source, and quadrupole tempera-
tures are set at 320 °C, 270 °C, and 150 °C, respectively, and the source was
operated at 70 eV. Data were acquired, processed, and identified under the
conditions described above. 1-Pentadecanol was used as a recovery standard and
internal injection and response factors were calculated for the different lipid
classes using representative standards (aiC22, epiandrosterone, 1-nonadecanol,
and 2-methyloctadecanoic acid methyl ester). Procedural blanks were run in
order to monitor background interferences.

Compound-Specific Isotopic Analyses. Apolar fractions were subsequently
analyzed to characterize their isotopic signatures using a Trace 1310 inter-
faced with a GC Isolink II connected to a Thermo MAT 253. A 1-μL aliquot was
injected in splitless mode onto a 60-m DB5-MS column (60-m × 0.25-mm
internal diameter and film thickness of 0.25 μm) before combustion over
copper, nickel, and platinum wire with oxygen and helium at 1,000 °C. Iso-
topic values were normalized using a mixture of n-alkanes (C16 to C30) of
known isotopic composition (mixture A5 of Arndt Schimmelmann). The SD
for the instrument, based on replicate standard injection, was calculated to
be below 0.4‰. All measurements were performed in duplicate. We only
report here well-resolved analytes, corresponding to major compounds
within the lipid classes.

Bulk Geochemical Analyses. For bulk analysis, about 3 g of sediment, previ-
ously freeze-dried and ground, was reacted with 1 N HCl to remove inor-
ganic carbon then rinsed until reaching neutral pH. Analyses were carried on
via elemental analysis–isotope ratio mass spectrometry for TOC, total ni-
trogen, and carbon isotopic composition of bulk organic matter using an ECS
4010 from Costech interfaced to a Thermo Finnigan Delta Plus XP.

Data Availability. All data pertaining to this study can be found in SI Ap-
pendix. GC-MS data have been deposited by Ainara Sistiaga at the Electronic
Research Data Archive (ERDA) on 20 July 2020 (https://erda.ku.dk/public/
archives/947e13a6272ba9d74056e7010319486f/published-archive.html).
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